The past decade has witnessed major advances in our understanding of the molecular mechanisms that regulate lymphocyte activation. The observation that cytoplasmic protein tyrosine kinases (PTKs) are activated rapidly following ligation of lymphocyte antigen receptors provided a convenient starting point for investigators to begin to identify signaling intermediates in lymphocytes. It is now known that both conserved, ubiquitously expressed molecules and novel lymphocyte-specific proteins are substrates of these PTKs and that they regulate various signal transduction cascades. Among these substrates, the class of molecules known collectively as adapter proteins has emerged as an important component of several signaling cascades linking apical tyrosine kinases with more distal signaling pathways. This Perspective will focus on recent advances in our understanding of the role adapter proteins play in the integration of signals initiated by engagement of the T-cell receptor (TCR) for antigen.
Two families of PTK have been implicated in initiating antigen receptor signaling ( Figure 1a) . Ligation of the TCR results first in activation of members of the Src family, including Lck and Fyn. These kinases are targeted constitutively to the inner face of the plasma membrane as a result of their NH 2 -terminal myristylation and are further localized to the activated TCR complex via noncovalent associations with the coreceptors CD4 or CD8 (1) . Substrates of the Src PTKs include conserved immunoreceptor tyrosine-based activation motifs (ITAMs) found within the intracellular domains of the CD3 (δ, ε, γ) and TCRζ chains (2) . Once phosphorylated, these motifs bind to additional proteins, thus providing an inducible mechanism for recruitment of cytosolic signaling molecules. The Syk family PTK, ZAP-70, is one such cytosolic protein recruited in this manner (3) . However, recruitment of ZAP-70 alone is not sufficient to initiate signaling, as Syk family PTKs require further modification for activity. In this capacity, the Src family PTKs can phosphorylate ZAP-70, which promotes its subsequent activation (4) . Following the realization that PTK activation is an early and required event for all downstream signaling events following TCR ligation, identification of Src and Syk family PTK substrates became the focus of intense investigation in an effort to link these enzymes with more distal signaling pathways.
In other cell types, it had been demonstrated that the adapter protein Grb2, which associates constitutively with the guanine nucleotide exchange factor (GEF) Sos, is recruited to newly phosphorylated tyrosine residues in the cytoplasmic domains of growth factor receptors after ligand binding (5) . Translocation of the Grb2-Sos complex to the activated receptor places Sos in proximity to membrane-bound Ras, resulting in exchange of GDP for GTP on Ras and the subsequent initiation of a signaling cascade, which culminates in the transcriptional activation of numerous genes (6) . Grb2 also associates with Sos in T lymphocytes, although it remains unclear how the Grb2-Sos complex may regulate Ras activation following TCR engagement. Adding to the complexity, T lymphocytes express several Grb2-like molecules with similar SH3-SH2-SH3 domain architectures in addition to Grb2. The adapter proteins Grap and Gads are expressed predominantly in lymphoid tissues and, like Grb2, associate inducibly with the adapter protein Shc following TCR ligation (7) (8) (9) . However, The role of protein-protein interaction domains in signal transduction has been a topic of intensive study for the last ten years. Many of these studies have focused on the role of protein-protein interactions in signaling downstream of receptor and nonreceptor tyrosine kinases. However, recent evidence has pointed to the extensive role of proteinprotein interaction domains in the localization and scaffolding of signaling molecules. In the continuation of this Perspective series from the March 1999, no. 6, issue, two articles discuss the role of protein-protein interactions in signaling downstream of tyrosine kinases. Clements and Koretzky highlight new insights into signaling by lymphocytes, while Virkamäki, Ueki, and Kahn examine the role of protein-protein interactions in insulin signaling and insulin resistance. In the previous issue, Schillace and Scott provided an overview of targeting in signal transduction by protein kinases and phosphatases, while Fanning and Anderson explored PDZ domains, important for receptor targeting and clustering in a variety of cell systems.
whereas TCR ligation promotes the association between Grap and Sos, Gads does not bind to Sos (9) . Thus, Grb2, Grap, and Gads may mediate both overlapping and distinct signaling pathways in lymphocytes. The lymphoid-restricted expression of Grap and Gads suggests a more specialized function for these two adapter proteins. The exact role of each of these molecules in regulating lymphocyte signaling remains to be determined and will require a generation of experimental models in which the expression of one or more of these proteins can be manipulated.
Given the potential role for Grb2 and Grb2-like proteins in mediating TCR-dependent signaling events, several laboratories focused attention on the identification and characterization of additional Grb2-associated signaling intermediates in lymphocytes. The linker of activated T cells, or LAT, was originally viewed as a predominant 36-kDa Grb2-associated tyrosine phosphoprotein isolated from stimulated T-cell lysates. LAT contains a transmembrane domain and several intracellular tyrosine residues that are phosphorylated following TCR ligation (10) . These phosphorylated tyrosine residues provide a scaffold for the recruitment of Grb2, the p85 subunit of phosphatidylinositol 3′-kinase (PI3-K), and PLCγ1 (Figure 1b) . A number of additional signaling molecules, including SLP-76 and Cbl (see below), are also recruited to phosphorylated LAT, most probably as a consequence of association with Grb2, Gads, or PLCγ1. Sos can also be found in LAT immunoprecipitates from stimulated Tcell extracts, suggesting that LAT is a strong candidate for recruiting a Grb2-Sos complex to the membrane and initiating Ras activation after TCR engagement (10) .
The important contribution of LAT to T-lymphocyte signaling has been demonstrated by several studies. Expression of a mutant form of LAT in which two of the cytosolic tyrosines have been substituted with phenylalanine diminishes TCR-dependent transcriptional activation (10) . This LAT mutant also fails to recruit PLCγ1, p85 PI3-K, Grb2, and Sos following TCR ligation. A mutant T-cell line that does not express LAT has been described (11) . These cells fail to generate soluble inositol phosphates, to flux intracellular calcium, or to activate transcriptional components of the interleukin-2 (IL-2) gene following TCR ligation. Inducible tyrosine phosphorylation of PLCγ1 is not observed in the LATdeficient cells. However, global activation of tyrosine kinase activity remains intact. Taken together, these data implicate LAT as a key intermediate in coupling the TCRactivated PTKs with more distal signaling events.
Immunofluorescent studies have confirmed the membrane localization of LAT (10) . However, membrane localization alone is not sufficient for the inducible phosphorylation of LAT. LAT is further targeted to glycolipid-enriched microdomains (GEMs) as a consequence of posttranslational palmitoylation, and the majority of tyrosine-phosphorylated LAT is found in the GEM fraction following TCR ligation (12) . A number of signaling molecules, including members of the Src PTK family, heterotrimeric G proteins, and Ras, have been found to partition in the GEMs (13) . After TCR ligation, phosphorylated TCR (ZAP-70, Shc, and PLCγ1 also localize to the GEM fraction (14) . Disruption of GEMs, either with polyene antifungal agents or by promoting internalization of GEM components, impairs intracellular calcium release after TCR ligation (15) . Together, these data provide compelling evidence that GEMs represent concentrated signaling microenvironments and that the inducible assembly of signaling complexes within these microdomains is a prerequisite for efficient TCR signaling.
Figure 1
Proximal activation of tyrosine kinases and the assembly of adapter protein signaling complexes following TCR ligation. (a) Engagement of the TCR by MHC-antigen complexes activates membrane-localized Src kinases (Lck), which then phosphorylate (P) a number of substrates, including ITAMs found in the cytoplasmic domains of the CD3 complex and the TCR-associated ζ chains. Phosphorylated ITAMs recruit the Syk family tyrosine kinase ZAP-70, which then phosphorylates additional substrates, including the adapter proteins LAT and SLP-76. (b) Once phosphorylated, SLP-76 and LAT recruit a number of proteins, including various effector molecules (red) as well as additional adapter proteins (blue). In the case of SLP-76 and Gads, the association is thought to be constitutive. Although Gads and SLP-76 have been found in a complex with LAT, it is not clear if additional SLP-76-associated molecules, such as Vav and Nck, are also recruited to LAT. DAG, diacylglycerol; IP3, inositol tris-phosphate; MAPK, mitogen-activated protein kinase; MHC, major histocompatibility complex; P, phosphotyrosine; PIP2, phosphatidylinositol bis-phosphate.
The SH2 domain leukocyte protein of 76 kDa, or SLP-76, is another predominant substrate of the TCR-coupled PTKs (16) . Like LAT, SLP-76 contains no enzymatic activity but harbors a number of domains that dictate interactions with other proteins. These include a COOHterminal SH2 domain, a proline-rich central domain, and an acidic NH 2 -terminal region that contains several tyrosines that are phosphorylated by ZAP-70 after TCR ligation (16) (17) (18) . Unlike LAT, SLP-76 contains no transmembrane domain and is located predominantly in the cytosol. SLP-76 expression is restricted to cells of hematopoietic lineage, including T cells, natural killer (NK) lymphocytes, macrophages, and platelets (19, 20) . SLP-76 expression is regulated during T-cell development, with highest expression found at early and late stages of thymic maturation. Mice made deficient for SLP-76 expression by targeted disruption of the SLP-76 locus fail to develop a peripheral T-cell population because of an early and complete block in thymocyte development (21, 22) . This developmental arrest occurs at a stage of thymic development where SLP-76 is normally expressed at high levels and pre-TCR expression is required to signal further maturation. Interestingly, SLP-76 levels fall as developing thymocytes transit to the next stage of development and remain low as these cells are subjected to a TCR-dependent selection process. The relatively low levels of SLP-76 expressed during thymocyte selection may effectively raise the threshold for TCR-signaling strength needed to promote selection and maintain the stringent nature of thymocyte selection.
Characterization of a mutant Jurkat T-cell line that has lost SLP-76 expression has confirmed the important contribution of SLP-76 to TCR signaling. These cells manifest a severe defect in the generation of an intracellular calcium flux and Erk activation after TCR ligation (23) . Although TCR-dependent tyrosine phosphorylation of Syk family tyrosine kinases is intact, the inducible phosphorylation of PLCγ1 is lost after TCR ligation. A similar uncoupling of TCR-activated PTKs from more distal signaling pathways is also observed in SLP-76-deficient platelets (20) . In vitro studies have demonstrated that SLP-76-deficient platelets fail to aggregate or release granule contents after exposure to collagen. Although collagen-induced Syk phosphorylation is detectable, tyrosine phosphorylation of PLCγ2 is markedly reduced in the absence of SLP-76. Collectively, studies utilizing SLP-76-deficient mice and T cells have helped define a function for SLP-76 in coupling Syk family tyrosine kinases with more distal signaling events in developing thymocytes, mature T cells, and platelets. Although experimental evidence gathered to date supports the notion that SLP-76 and LAT regulate similar signal transduction pathways, it is not known if these two important adapter proteins function in series or in parallel. It is clear that SLP-76 and LAT do not merely serve redundant functions, as neither can compensate for the loss of the other.
SLP-76 has been demonstrated to associate with a number of molecules, including SLAP-130/Fyb (22, 25) , Vav (26) , and, most recently, the adapter proteins Gads and Nck (27, 28) (Figure 1b) . However, the contribution of these molecules to SLP-76 function is not completely understood. Although SLP-76 was originally viewed and isolated as a result of an in vitro association between the proline-rich domain of SLP-76 and the SH3 domains of Grb2, it has been difficult to recapitulate this observation in vivo. This is likely due to competition for SLP-76 binding by Gads, which binds to the same proline-rich domain of SLP-76 as Grb2 (27) . Coexpression of SLP-76 and Gads has a synergistic effect on TCR-dependent transcriptional activation, although it is not known if the two need to interact for this effect to be seen. The SH2 domain of Gads binds to tyrosine-phosphorylated LAT, suggesting that Gads may physically link LAT and SLP-76 after TCR ligation. A mutation in the SH2 domain of Gads that prevents LAT binding confers a dominant-negative effect after transfection of the Gads mutant, highlighting the importance of the Gads-LAT association (27) .
The contribution of SLAP-130/Fyb to T-lymphocyte activation remains controversial. SLAP-130/Fyb also has characteristics of an adapter protein in that this molecule has no demonstrable enzymatic activity but contains several domains that dictate protein interactions (24, 25) . These include a proline-rich NH 2 TCR engagement induces a number of cytoskeletal changes, including actin polymerization and internalization of receptor complexes. The inducible interaction between the SH2 domain of Vav and the phosphorylated tyrosines of SLP-76 suggests a potential role for this complex in the regulation of cytoskeletal changes that are initiated by TCR ligation. Vav contains a guanine nucleotide exchange factor domain and catalyzes the exchange of GDP for GTP on the Rho family of small GTPases. Substitution of the tyrosine residues at either position 113 or 128 within the NH 2 -terminal domain of SLP-76 with phenylalanine abolishes Vav binding while having a minimal effect on the ability of transiently overexpressed SLP-76 mutant to augment TCR-dependent transcriptional activation (17) . Whereas these data suggest that SLP-76 and Vav need not interact for at least this signaling pathway, a more direct role for the SLP-76/Vav complex in the regulation of cytoskeletal organization has been reported recently. After TCR ligation, SLP-76 associates inducibly with the SH2 domain of Nck (28), an adapter protein that also associates with the p21-activated kinase (Pak) and the Wiskott-Aldrich syndrome protein (WASP) (29, 30) . Both WASP and Pak bind to activated RhoGTPases, implicating SLP-76 in coupling Vav with poten-tial substrates that are brought into the complex with Nck. Indeed, the in vivo assembly of a trimolecular complex containing SLP-76, Vav, and Nck has been demonstrated (28) . Mutations in SLP-76, Nck, or Vav that prevent formation of the trimolecular complex abrogate TCR-dependent Pak activation. Furthermore, these same mutations profoundly inhibit polarization of F-actin after TCR stimulation, implicating the SLP-76/Nck/Vav complex in the regulation of cytoskeletal reorganization in response to TCR ligation. Actin polymerization and cytoskeletal reorganization are prerequisite events for efficient signaling, desensitization (receptor internalization), and cell motility. It will now be of interest to determine the role of SLP-76 and its associated proteins in the regulation of these process in lymphocytes as well as additional immune cell populations.
Although SLP-76 is not expressed in B lymphocytes, several potential B cell-specific SLP-76-like adapter proteins have been described. The B-cell linker protein, or BLNK, was originally identified as a Grb2-associated tyrosine phosphoprotein in BCR-stimulated cell extracts (31) . BLNK was also cloned independently in another laboratory and named SLP-65 (32) . The domain structure of BLNK/SLP-65 is similar to that of SLP-76, although the two proteins demonstrate only 33% homology overall. BLNK is phosphorylated by Syk in B-cell lines and, like SLP-76, tyrosine-phosphorylated BLNK associates with PLCγ1, Vav, and Nck (31) . A mutant BLNK where four NH 2 -terminal tyrosine residues that are present in similar motifs to tyrosine 113, 128, and 145 of SLP-76 are mutated to phenylalanine fails to augment tyrosine phosphorylation of PLCγ1/2, intracellular calcium flux, or activation of the NF-AT transcription factor after BCR ligation, supporting the notion that BLNK functions in a manner analogous to SLP-76 (31) . A SLP-76-like protein has also been identified in the chicken bursa of Fabricius. Unlike BLNK, the B-cell adapter-containing SH2 domain protein (BASH) is expressed predominantly in immature B cells but not in mature B-cell lines (33) . Despite the overall structural similarity to SLP-76 and the high degree of homology with BLNK, BASH appears to play a negative regulatory role in receptor-mediated signaling. It is not clear why B and T lymphocytes, which share a common early lymphocyte progenitor, would evolve separate but homologous adapter proteins for the purpose of transducing antigen receptor-dependent signals. It may be necessary for these cell types to express custom adapter intermediates that are capable of integrating signals derived from the diverse array of surface receptors and signaling intermediates found in T and B lymphocytes and their progenitors.
In addition to adapter proteins serving as positive regulators of TCR-dependent signaling pathways, there is increasing evidence that adapter proteins may also interfere with TCR signaling and function in some cases to mediate signals that promote anergy. The 116-kDa Grb2-associated tyrosine phosphoprotein viewed after TCR ligation has been identified as the product of the protooncogene c-cbl (34) . Cbl contains an NH 2 -terminal phosphotyrosine binding (PTB) domain, a proline-rich region, and several tyrosine residues that are phosphorylated after TCR ligation (34, 35) . Overexpression of Cbl in a T-cell line diminishes TCR-dependent AP-1 activation (36), consistent with the observation that the Caenorhabditis elegans homologue of Cbl (Sli-1) prevents Ras activation after Let-23 ligation (37) . Cbl binds to the NH 2 -terminal SH3 domain of Grb2 in a constitutive manner and may effectively compete with Sos for Grb2 binding in resting T cells (38) . TCR ligation and subsequent tyrosine phosphorylation of Cbl promotes dissociation from Grb2 and the recruitment of additional molecules, including the p85 subunit of PI-3K and the adapter protein CrkL (38, 39) . In anergic T cells, CrkL associates preferentially with Cbl and C3G, a guanine nucleotide exchange factor for the Ras family member Rap-1 (40) . One current model suggests that the preferential formation of a CrkLCbl-C3G complex and the subsequent activation of Rap-1 would sequester Raf-1, the kinase immediately distal to Ras. This would presumably short circuit Ras-dependent signaling and ultimately promote an anergic state. In support of this notion, several studies have demonstrated that TCR ligation in tolerized T-cell clones fails to catalyze Ras activation and promote Ras-dependent distal signaling pathways.
It is clear that adapter proteins can mediate both positive and negative signaling cascades, depending on which effector molecules are recruited to the signaling complex after receptor ligation. Adapter proteins may also function to regulate lymphocyte signaling simply by interfering with the recruitment of signaling intermediates. SAP is a recently identified T cell-restricted protein that contains a single SH2 domain followed by a short COOH-terminal tail (41) . After SLAM (Cdw150) ligation, SAP is recruited to phosphorylated tyrosine residues in the cytoplasmic tail of SLAM. These same residues also display affinity for the SH2 domain of SHP-2, a tyrosine phosphatase implicated in downregulating lymphocyte activation. Mutations in the SH2 domain of SAP abrogate the ability of SLAM to recruit SAP. Expression of SAP in a heterologous cell system prevents binding of SHP-2 to SLAM, suggesting that SAP can block SHP-2 recruitment to the plasma membrane and maintain the cell in an activated state (41) . In support of this notion, transfected SAP promotes transcriptional activation of the IL-2 gene following coligation of the TCR and SLAM. The biological significance of SAP function has been highlighted by the demonstration that mutations in the SAP gene, including those that interfere with the ability of SAP to bind SLAM, are responsible for X-linked lymphoproliferative (XLP) disorder (41), a disease characterized by the expansion of Bcell populations infected with Epstein-Barr virus.
In the past few years, much progress has been made in identifying molecules that couple antigen receptors with more distal signaling events. Whereas future discoveries of additional signaling intermediates will undoubtedly contribute to our understanding of how lymphocyte signaling is regulated, the direct visualization of macromolecular signaling complexes within the intact cell will be required to determine which adapter protein complexes function in the regulation of receptor-dependent signaling cascades. To this end, several elegant studies have provided intriguing evidence for the focal assembly of signaling intermediates at the interface between a T cell and an antigen-presenting cell (APC). By means of computer-assisted imaging techniques, the receptor complexes that are localized at the contact point between a T cell and an APC have been viewed directly (42) . This approach has also facilitated the identification of several signaling intermediates that are recruited to the interface and has provided direct evidence that PKCγ, Fyn, and Lck localize to the same region as the TCR-CD3 complex following major histocompatibility complex (MHC) and antigen engagement (42, 43) .
It is now evident that adapter proteins play a crucial and required role in the process of T-cell development and activation. These molecules carry out these functions by acting as molecular scaffolds upon which signaling complexes are assembled and localized to distinct cellular domains. Now that several critical adapter protein complexes have been characterized, it will be of great interest to determine the temporal formation and spatial localization of these molecules in intact, resting, and activated lymphocytes. These experiments will require further development of sophisticated imaging techniques but will facilitate the determination of how different adapter proteins direct the assembly of signaling complexes, which surface receptors employ adapter protein signaling complexes to transduce signals, and where these complexes are localized after receptor ligation.
